INTRODUCTION
Fish farm activities are recognized as a potential source for pollution (Boaventura, 1997; True 2004) which results in significant changes in the physical, chemical and biological characteristics of the receiving streams (Delgado et al., 1999; Lampadariou et al., 2008) . Nitrogen (N) and phosphorus (P) are the two main pollutants related to aquaculture (Reddy et al., 1999) . Phosphorus discharge by fish farming activity is of special concern since excessive P to receiving waters leads to water quality degradation through eutrophication (Reddy et al., 1999; True, 2004) . Nutrients and organic matter at the effluent of fish farming facilities come either from fish excreta or from the decomposition or resuspension of fish farming sludge (mainly faeces, uneaten food and carcass debris). Furthermore, since sludge generated from fish production is a key issue related to the contamination within the aquaculture domain, management strategies and/or disposal of this residue have been widely addressed in current literature (Cripps and Bergheim, 2000 and references therein) . Accordingly, microscreens, filter beds, Cornell-type circular tanks and settling tanks are among most applied technologies for sludge management. However, for small production facilities (less than 25 tonnes of fish produced per year) such technologies are of difficult implementation since they are relatively expensive and labour intensive (Bergheim and Brinker, 2003) . Therefore, for small production facilities, sludge extraction and disposal on settling ponds is the usual practice (Lefrançois et al., 2010) . Accordingly, the sludge conveyed to the settling pond is usually removed once a year, which means that the sludge might be subjected for a long period not only to resuspension and/or hydrolysis by bacteria, but also to other biological activities such as bioturbation. Bioturbation carried out by benthic organisms (such as chironomid laravaes or tubificid worms) is defined as the sediment processing by animals during burrowing, sediment ingestion/defecation, tube building and biodeposition (Reible et al., 1996) . As a result of bioturbation the sediment particles and pore water is subjected to a vertical and horizontal movement that leads to the mixing of upper sediment surface (Robins et al., 1979; Robins, 1982) . Bioturbation induces changes on the bio-geo-chemistry at the water-sediment interface (changing even the physical structure of the sediment) via fluid advection, solute diffusion or sediment slumping (Aller, 1994; Navel et al., 2011; . Moreover, benthic organisms may not only enhance bacterial activity (Krantzberg, 1985 , and references therein) but also promote the downward transport of oxygen and other electron acceptors Overall, the effect of bioturbation on the bio-geo-chemical processes occurring at the water-sediment interface depends not only upon the physical and chemical characteristics of the sediment (Gerino et al., 2003; Mermillod-Blondin and Rosenberg, 2006; ) but also on the type of benthic organism (Matisoff et al., 1985; Zhang et al., 2010) . Tubificid worms belong 12p2 to the functional group of upward-conveyors (or conveyor-belt species) (François et al., 2002; Gerino et al., 2003) . Tubificids ingest buried sediments few centimetres in depth and faeces are deposited on the surface. Tubificid worms, through their burrowing, feeding and respiration movements, have been described to enhance not only nutrients and organic matter release from sediments (Fukuhara and Sakamoto, 1987; Mermillod-Blondin et al., 2005) but also the bacterial activity (Banta et al., 1999; Heilskov and Holmer, 2001; Mermillod-Blondin et al., 2005; Navel et al., 2011; Van de Bund et al., 1994) and oxygen consumption (Lagauzère et al., 2009; Mermillod-Blondin et al., 2005) . Overall, bioturbation of bottom sediments at the sediment-water interface is currently gaining more attention in studies dealing with the functioning of aquatic ecosystems (Adámek and Maršálek, 2013) . However, in the context of fish farming, the number of studies dealing with the contribution of tuficids to nutrients dynamics (especially phosphorus) is still scarce. Therefore, the objective of the present work was to determine (under laboratory conditions) the influence of natural assemblages of tubificid worms on nutrients translocation across the water-sediment interface of fish farm settling ponds. The potential contribution of bioturbation on minimizing the phosphorus discharged by fish farms settling ponds is also discussed.
MATERIAL AND METHODS

> ASSESSING THE ABUNDANCE OF NATURAL ASSEMBLAGES OF TUBIFICIDS
The surveyed settling pond (of 194 m 3 of volume) was located in a typical fish farm in southeastern Quebec (Canada) devoted to the production of rainbow trout (Oncorhynchus mykiss). In order to determine not only de natural abundances of tubifcids worms in the field but also its vertical distribution, the settling pond was surveyed in two occasions prior to onset of laboratory experiments. To this aim, sediment samples from the settling pond were collected using a Eijkelkamp multisampler specifically set to take solid samples. The multisampler was equipped with a sampling column made of PMM (an acrylic high transparent plastic) of 1 m length by 40 mm diameter ending up with a sharp edge made out of stainless steel. The sampling device was introduced within the sediment and a core of 15 cm was taken (the height of the core extracted was approximately that of the height of sludge accumulated at the pond). This procedure was repeated in three different spots located at the middle and edges of the basin. A mixture of soil and sludge (faeces and uneaten food) was therefore collected when sampling. Tubificids distribution within the representative sediment core was determined in situ. Tubificids were mainly distributed within the first 2 cm of sediment layer, which is in accordance to that described by . For tubificids quantification, the sediment core was preserved in a cooler for transport until it was processed (within the same day) at the laboratory facilities. Tubificid worms (mainly belonging to the Tubifex genus) were counted and weighted following a similar procedure than that described by Devine and Vanni (2002) . Briefly, a known volume of sediment was passed through a sieve (500 µm mesh) to remove most of the sediment particles. Afterwards, the number of worms per known volume of sludge was assessed by counting the tubificids under a dissecting microscoscope and expressed per unit of fresh weight of worm as explained below. The abundances of tubificids presented a patchy distribution with lower abundances (ca. 1 mg of worms per gram of fresh sediment) at the centre of the pond (deeper zone -1.5 m) and higher abundances (ca. 40 mg of worms per gram of fresh sediment) at the edge of the pond (shallower zone -0.1 m). The density of tubificids was expressed as per unit of surface by following this procedure in triplicate: 40 worms were carefully separated by hand from sediment samples (using laboratory tweezers) washed with bottled water (to removed debris and small sediment particles) and the excess of water removed by gentle application of cellulose laboratory paper. Once the worms were clean and dry they were weighted and the relationship between number of worms and wet weight determined. For the laboratory experiments a certain amount of tubificid worms (processed as previously described) were weighted and introduced within the experimental vessels to reach the desired experimental condition (1 and 12p3 
40 mg of worms·g −1 fresh sediment). The amount of worms expressed per unit of surface was then calculated according to the relation between fresh weight of worms and number of individuals and divided by the surface of the vessels employed.
> WATER AND SEDIMENT EMPLOYED FOR LABORATORY EXPERIMENTS
The water was collected at the exit of the settling pond (effluent pipe) Sediment samples (three sediment cores from the middle and three from edges of the pond) were mixed and treated as a composite sample representative of the whole pond. The sediment samples collected were kept in the freezer for one week to get rid of the natural assemblages of tubificids. The physical and chemical parameters of the water and sediment used are summarized in Table I .
> EXPERIMENTAL SET-UP
The experimental set-up consisted of six glass vessels of 0.5 L (33 cm high to 4.2 cm of radius) covered with and opaque material to which 35 gram of sediment (ρ = 1.2 g·mL −1 ) from the settling pond and 0.3 L of filtered (at 0.45 µm) pond water were added. Pond water was filtered to get rid of bacteria that may change the physical-chemical characteristics of the water used to compensate sample extraction for analyses. Experimental vessels were supplied with air bubbling by means of aquarium pumps. Air bubbling was carried out from the top of the vessels to avoid sediment re-suspension. Furthermore, the amount of sediment added to the vessels provided a sediment layer of 2 cm (which mimicked the original distribution along the depth in the surveyed settling pond -see Sect. 2.1) and the water height above the sediment was that of 20 cm. Two of the vessels were left as controls (no worms added), two were used for the first experimental condition (low abundances of tubificids -1 mg worms per gram of fresh sediment -equivalent to 550 individuals·m −2 ) and the two remaining were used for the second experimental condition (high abundances of tubificids -40 mg of worms per gram of fresh sediment -equivalent to 22 000 individuals·m −2 ). It is worth mentioning that natural assemblages of tubificid worms collected in the field were kept in the laboratory for one month before the on-set of experiments in order to acclimatise them.
> EXPERIMENTAL PROCEDURE AND ANALYSES
Sediment and filtered pond water were introduced in the experimental vessels fifteen days before the on-set of laboratory experiments (which was considered enough time to reach steady state conditions after sediment homogenization). Note that nutrient concentration in overlaying water was sampled twice (after 2 and 14 days before the introduction of tubificids) to check that initial conditions were the same for all the experimental lines before the on-set of experiments. After the introduction of the tubificids. Every two days (for 10 days) overlaying water samples of 0.15 L were extracted for chemical analyses and the volume replaced by carefully adding new filtered pond water. To this regard, no visual sediment re-suspension was observed during water extraction or re-filling. Water samples (either from sampled overlaying water or filtered pond water for re-filling) were analysed each sampling day for PO −3 4 -P, NH + 4 -N and NO 3 -N according to Apha-Awwa-Wpcf (2001) . Translocation of nutrients across the water-sediment interface were calculated by the difference in recorded concentrations between two consecutive sampling days and expressed per unit of sludge used as follows: Nutrients fluxes calculated from the above equation can be negative or positive. To this regard, positive fluxes indicate that there was a net transference of nutrients from overlaying water to sediment and negative fluxes indicated that there was net release of nutrients from sediment to overlaying water. Results on nutrient translocation from overlaying water to sediment will be expressed per unit of total solids (TS) in order to discuss the potential effect of tubificid worms on nutrient translocation from overlaying water to sediment in the context of fish farming. Furthermore, oxygen, pH and temperature were daily measured to ensure comparable conditions among experimental conditions (pH ranged between 7.5 and 8.0 temperature between 19.5 and 20.5
• C and oxygen concentration ranged from 5.5 to 6.5 mg·L −1 , regardless the experimental condition considered).
> STATISTICAL ANALYSES
Differences among treatment lines before the introduction of tubificids were analysed for each nutrient by performing ONE-way ANOVA with three levels (no worms; 1 mg of worms and 40 mg of worms). Differences among levels of the same factor were determined by means of a Tukey-test. Analyses were considered statistically significant at p values below 0.05. Differences among time for each experimental condition considered in regards to quality parameters were determined by means of ONE-way repeated-measures ANOVA with three levels (no worms; 1 mg of worms and 40 mg of worms). Homogeneity of variances and normality of data were tested by performing a Levene test and a Kolmogorov-Smirnov test, respectively. All statistical analyses were performed using SPSS v.19. Differences among levels of the same factor were determined by means of a Tukey-test. Analyses were considered statistically significant at p values below 0.05.
RESULTS
> INITIAL CONDITIONS
In order to ensure homogeneous conditions among treatment lines, water quality parameters were measured in overlaying water before the introduction of worms. Accordingly, Figure 1 
Figure 1
Concentrations of nutrients (in mg·kg −1 TS) for each experimental condition before the introduction of tubificid worms.
Table II
Cumulative uptake of ammonia from overlaying water to sediment for each experimental condition.
Time (days)
Experimental condition Control 550 individuals·m presents the concentration of nutrients in overlaying water after fourteen days of sediment and pond water introduction (acclimatizing phase). Note that nutrients concentration in overlaying water was not significantly different for any of the nutrients considered.
> AMMONIA
According to our results ammonia was taken up by the sediment regardless the abundance of tubificids (Table II) . More precisely, ammonia fluxes from water to sediment ranged from 0.9 to 7.1 mg NH 4 -N·m −2 ·day −2 , regardless the experimental condition considered (Table III) .
> NITRATE
Results obtained showed that nitrate concentration in overlaying water was significantly affected by the abundance of tubificid worms (Figure 2 ). More precisely, nitrate fluxes from water to sediment ranged from 9.5 to 17.4 mg NO 3 -N·m −2 ·day −2 , 10.1 to 18.3 mg NO 3 -N·m −2 ·day −2 and -2.6 to 12.7 mg NO 3 -N·m −2 ·day −2 to the control, 550 individuals·m −2 and 22 000 individuals·m −2 , respectively (Table III) . In spite that nitrate was taken up by the sediment under any experimental condition tested, it was significantly lower under higher abundances of tubificids (45 mg-NO 3 N·kg −1 TS after ten days of experiment- Figure 2) than that of the control (97 mg NO 3 -N·kg −1 TS after ten days of experiment - Figure 2) . Overall, after ten days of experimentation the sediment under tubificid abundances of 22 000 individuals·m −2 showed 55% lower nitrate uptake than that of the control conditions (no worms present).
> PHOSPHATE
Phosphorus uptake by the sediment under tubificid abundances of 22 000 individuals·m −2 was significantly higher than that of the control or the sediment under tubificid abundances of 550 individuals·m −2 (Figure 3 ). More precisely, phosphate fluxes from water to sediment ranged from -9.7 to -3.2 mg PO −3
-P·m
−2 ·day −2 , -9.9 to -1.6 mg PO −3 4 -P·m −2 ·day −2 and -7.6 to 4.6 mg PO −3
−2 ·day −2 to the control, 550 individuals·m −2 and 22 000 individuals·m −2 , respectively (Table III) . Moreover, the cumulative amount of phosphorus uptaken after ten days of experiment was that of 4.2 mg PO 
DISCUSSION
> NUTRIENT DYNAMICS ACROSS WATER-SEDIMENT INTERFACE
It has been long known that tubificid worms increase the redox potential of surface sediments (Davis, 1974 ) that, in turn, may stimulate nitrification for a wide range of tubificid abundances (from 12 000 to 27 000 individuals·m −2 ) (Chatarpaul et al., 1980; Svensson et al., 2001) . To this regard, authors believe that the absence of differences among experimental conditions (see Table II ) might be explained by the fact that the oxygenation of the upper part of the sediment under control conditions (no worms) might have been enough to provide an oxic layer in which nitrification bacteria would have been able to oxidize either the low ammonia concentrations in overlaying water (ca. 0.65 mg NH 4 -N·L −1 - Table I ) or those coming from the interstitial water. Accordingly, high ammonia removal carried out at the surface of the control conditions might have masked the effect of tubificids. This hypothesis is based on the visual appearance of the sediment surface of the control line (ca. the first 5 mm of the sediment layer) which was of light orange colour (probably due to ferric hydroxides under high redox conditions), whereas the rest of the sediment remained blackish (probably due to ferrous sulphide under low redox conditions) (Figure 4a ).
Concerning nitrate dynamics across water-sediment interface, authors believe that sediment reworking carried out by tubificid abundances of 22 000 individuals·m −2 (see Figure 4b ) was enough to increase the oxygen transfer to the sediment when compared to control conditions ( Figure 6a ). As a consequence of higher oxygen concentrations within the sediment dentrification was significantly decreased. More precisely, nitrate fluxes were, in average, two times lower than that of the control line (Table III) . Our results are in agreement to that previously described by Gilbert et al. (1995) ; these authors observed that denitrification was inhibited at the upper sediment layer (first 2 cm) because of bioturbation increased the oxygen penetration into the sediment.
Cumulative phosphorus uptake for the control and the sediment under tubificid abundances of 550 individuals·m −2 was of similar extent than that described by Puigagut et al. (2011) working under similar conditions. Bioturbation caused by tubificid worms has been related to decrease phosphorus release from sediments (Andersen and Jensen, 1991; Davies et al., 1975; Lewandowski and Jupfer, 2005; Mortimer et al., 1999; Zhang et al., 2010; Heilskov and Holmer, 2001 ). Enhanced phosphorus retention by a sediment highly bioturbated is probably due to the effect of redox changing conditions imposed by tubificids. Accordingly, sediment reworking increases the transfer of electrons acceptors from overlaying water (such as oxygen) to deeper zones of the sediment (Andersson et al., 1988) which, in turn, may enhance the precipitation of phosphorus with iron hydroxides whenever iron is present (Davis et al., 1975; Lewandowski and Jupfer, 2005) . The sediment here employed (Table I ) cannot be considered as iron-rich sediment, but it has been reported that low total iron to total phosphorus molar ratio in sediments (which is precisely our case where Fe:P is ca. 3 -see calculation 3 in supplementary material) is associated to low conditions of phosphorus release (Phillips et al., 1994) . Therefore, our results suggest that even under moderate concentrations of iron within the sediment, bioturbation may inhibit to a notable extent the translocation of soluble phosphorus to overlaying water in fish farm settling ponds.
> POTENTIAL CONTRIBUTION OF BIOTURBATION IN SETTLING PONDS TO REDUCE PHOSPHORUS DISCHARGED BY FISH FARMING ACTIVITY
Under the experimental conditions here tested, tubificid worms inhabiting the sedimentation pond of a fish farm facility might contribute to reduce the phosphorus discharge (at least in terms of soluble phosphorus) (see Sect. 3.3) . In order to quantify the extent of this contribution some assumptions must be made. Accordingly, we assume that (1) The total amount of phosphorus deposited to the bottom of a trout production can be conveyed to a settling pond and this is 3.545 kg P·tone −1 of fish produced (Puigagut et al., 2011) ; (2) the pond have an homogeneous tubificids abundance of 22 000 individuals·m −2 ; (3) Total phosphorus concentration of the sediment is that of 3.1 mg of P·g −1 dry matter (Table I) ; (4) The content of dry mater is that of ca. 36% (Table I) ; (5) Tubificid worms might avoid phosphorus translocation of ca. 45 mg PO −3 4 ·kg −1 TS (cumulative translocation of phosphorus from the control line minus the cumulative translocation of the experimental condition of 22 000 individuals·m −2 ) ( Figure 6 ); (6) Annual fish production is that of 25 tonnes; (7) we assume that bioturbation effect on phosphorus translocation is limited to the first 2 cm of sediment layer since in field measurements this was the actual tubificids distribution. Therefore, by taking into account all of the previous assumptions we might theoretically calculate (see Appendix A for details on the calculation) that tubificid worms inhabiting the sedimentation pond might reduce the phosphorus discharge (in terms of soluble phosphorus) in ca. 5 g of P·ton 1 of fish produced (calculation 1) or ca. 0.13 kg of phosphorus per annual production (calculation 2). Therefore, soluble phosphorus retention by bioturbation in settling ponds is between 10 to 25 times higher than that described when applying sludge drying beds (Puigagut et al., 2011) . This result show that settling ponds subjected to bioturbation under the conditions here considered may contribute to reduce soluble phosphorus leaching. In spite of the limitations considered in the previous theoretical approach, authors believe that a reasonable scenario is defined to show the extent of bioturbation contribution to phosphorus retention within the domain of fish farming.
CONCLUSIONS
Nitrate and phosphate dynamics across water-sediment interface were significantly affected by tubificid abundances of 22 000 individuals·m −2 . Tubificid abundances of 550 individuals·m −2 did not affect the translocation of nutrients across water-sediment interface. Nitrate uptake by sediments having tubificid abundances of 22 000 individuals·m −2 was significantly lower (55% lower) when compared to control conditions (no worms present) and phosphate released by the sediment was ca. 90% higher for the control conditions (no worms present). Results here reported on the retention of phosphorus subjected to high conditions of bioturbation (22 000 individuals·m 2 ) allowed us to estimate that settling ponds of fish farming facilities may contribute to decrease phosphorus discharge (in terms of soluble phosphorus) in ca. 5 g of P·ton −1 of fish produced.
SUPPLEMENTARY MATERIAL
Supplementary material. Calculations of the amount of soluble phosphorus that could be saved up by the effect of bioturbation within a settling pond (per ton of fish producedCalculation1 and per year -Calculation 2). Calculation 1 4.5 × 10 −3 g · PO 
